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This research haow dealt with the modeling and solution of rotary-wing
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1. Instroductio

This final report covers 2 years of AO-epomored research Into the
fundmi tal behavior of rotor dynmics. The ortgnal proposal was for 3
years, but the tlird year is m to be dome under a nw grat. Thus, tis
repo covers only a portion of the rigiaally--ropoe- work. to this final
reports i will w earise the work dome, Includiag publicatoses and scieatific
;-r new1; sad s will provde pertilat techical descriptions of sech major
am w have pursued.

The philosophy of our research has bees to lacrosse the fmdmanal
mds sadIng of thoe dysmic sad serodynmic pheemema associated with the
helicopter. Our approach has been to follow three Intertwining Hiow of
reesarch. The first of these Is the Lin of im.tical modeling. Nere. we
wish both to systhesise and refte mahematical models for various, isolated
rocorcraft pmomma, sand to leam to couple ttm together in a systematic way.
This is the building-block approach we have followd. The secoad line of
Inquiry has been in the development of solution methodologies for these
equsions. Bere, certain solucio scracegies work better for certain models;
sad saw modelng cechniqus require new solution strategies. Ws look
specfically at methods that mnify our Isihlt, are comutationally efficient,
ad thas can be extended to large-scale system.

This leads, tha, to the third thread of research: basic physical insight.
Of cse, because we deal with isolated coeponents or with siaplifLed coupli s,
we do noc intend to be able to mde predictions an helicopter stability and
repone that would be applicable to detailed design studies. Os the other
hand, we do epect our methods to be predictLve of the behavor of simplified
research modls, such as those used by the Army Research sad Technology
Laboratories. Furthermore, we believe our results give qualitative insight
into the physical phenmena present in production rotors. Thus, w cry to
involve all three eleents In our research effort

2. $SaSmMt of Poblom

The objectives and scope of this work are as follows:

1) To discover the basic relatioships beten blade structural parmeters
and the fIlap-lag-torsios airloeds that result.

2) To determine the eent to which rotor-body coupling affects inplane
loads sod overall helicopter vibrations.

3) To develop our basic trim procedures to the point at which they can be
applied to large, state-of-the-art rotor response progrsa.

4) To determine the effect of dynamic stall on the rotor airloeds and on
the basic trimming methods.

5) To investigate other methods of obtaining time histories of rotor response,
including Hamilton's Law of Varying Action.
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Before proceeding to the details. of each objective, it is Informative to
outline the scope io each task. With the e*ception of Item 3, the above
objectives are not aimed at the quantitative prediction of helicopter response.
They are almed at obtaining fundamental insight into how rotor vibrations

* develop and Into how they ca be efficiently calculated. Thus, tn Item I we
consider a simple elastic-blade model with elastic flap. lag. and torsion.

* Although other, more sophisticated I lap-lag-torsion models cettainly *mist,
*they have not been obtained under the sam assumption. nor vith the sae

purpoe in mind as ours.* Thus, we have proceeded slowly and carefully to
make sure we understand the physical processes at each step.

* to item 2, we are looking at a fuselage with 5 rigid body modes end
4 elastic maoe (as in our prior work) but with a more detailed rotor modal.
Naturally, a true fuselage will have my more elastic modes; but we Look at
a generic frequency sweep that could be representative of several potential
modes. Since we hae already f ound that flapping notions drive inpLane motions
(while Loplame effects flopping mucb les) we make several simplifying
assumptions to increase the productivity (end physical interpretations) of the
work.

Item 3 Is the only area in whichb we approach the area of applications.
These trim procedures are am fairly well understood in term of theory, and
the advancoments now com through more sophisticated app licat ions.* Therefore,
we have reformulated the trim procedures.

Item AIs a no are of research that developed out of our dynami-tall
work. It is not in our scope to develop mny dramatically now dynmic stall
procedures. We merely take euisting methodolois, investigate how they
should be modified to be useful for simplified vibration analyses, and study
the resultant effects on the types of calculations we are ming.

ttem 5 is also a new area of research, which developed out of our prior
trim Investigations. For nearly linear system, the trim method of periodic
shooting is equivalent to finding end Inverting the Floquet transition mtrix.
(An earlier solution method in our research also relied on Floquet theory for
vibration analysis.) Thus, it is natural to look for more efficient means of
finding the transition mtrix. One possibility is the use of Hamilton's Low

* of Varying Action with comparison functiona in time. tn this research we
study Namilton's La In detail with respect to convergence and efficiency.
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3. Scientfic Personnel and DerC.

elow to a tabulation of those who vorked an this project during the past
two years along with the degree they bae pursued.

*rsaWel Man-Houtba Effort DerE Sought

*vid A. Peters 7.5 - (P.I.)

Gopa CaOWAr 3.0 - (C.l.)
Run ia8-Sheng 15.0 Ph.D.

gumi Karmoortby 15.0 D. Sc.5

Danty ChIu 14.0 M.Sc.2 Ph.D.

AnIr Isadpahab 13.0 Ph*D.

Robert Longabeugh 5.5 M.S.
LAlauta Ventura 3.0 M.S.5

Steve Slocum 0.5 N.S.

Jms O'Naley - M.S.

Jack Oft - M.S.

N. Chouchme - N.S.
Timothy Ryan - M.S..

1 iecelved December, 1983

21ecelved May, 1984

3 eceived August. 1984

4 Rfceivod December, 1984
51Received August, 1985

Thus, 2 professors and 11 students vorked on the project for a total

of 76.5 muan-uaths. There were 5 Master of Science degrees and 1 Doctor

of Science degree awarded.
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In this sectiton, we sumerise dhe resalts of our research through
Auust IM6. OocalU that we have competed Only two years of a three-year
effort. Thus. somof the taske have take. a slightly dif ferent carn d&w to
esit lsg results obtained duriag the research. Thesmem directios of thes
gas"s to mrrore is tdo me. research great * recestly awarded to the Pt
through Georgia lest tute of Teclmology. Moeauss this research project is
cagolag at smother matictsm thisummry viii be brief. eoaiis may be
foved in the ref eresces. CReference numers to this section refer to dhe
publication mmers is Section 6.) Isle.. s Lis progroes aceh of the
five proposed aress.

Th, first art" to be considered Is the ame of elastic tow.ato. Our
work &a this ame Is foved Ia Metereuce 13. We hav added elastic torsion
to oequatLoss ad have dnocmsed these equas Loss In said ref erence.
Several importat feature diat Lsuish theae from other classlc isULap- lag
torsiom squat Loss to the literature. First* the orderiag scsed aat
the squatim os based on the physical properties of representative rotor
blades. Second, the squatioA ame gives is a hierarchical smr such at
me cam regale Varyiag ordes of temn as dseird. Third. the squatlass are
derived As forward flight with complete accomtia for carvliasar Coordinates,
warp, ad nonlinear vIrtual-mmor terms. Fourth, the equatiose are a&l written
donI Lame place such that they cam be checked tae by term Opaiste peat and
future work. The highest order squatin Amegals all kno term fres previou
work.

ts addition to the develmops..: of goese equatios, we have succoosfll?
coded them sd hae obtained numerical solutioss. Vithia the frmework of
this porties of the Wert, we have develope a am fi lly of polysosial for
ase La the Calorklea nalys is. These polyo.ls are orthoosmam os-1 to #1.
are aormal lsed1 d match the boundary cosdi: Lose of uni form bemmo A good
portio of our work was devoted to the 4.velopm sod docmintat too of thee
polynomials. Furthermorve as we developed sunerical solutiLons to the equatios*
we distovered that a very accurst* trim procedure was required. Thus, We
applied the autoastic pilot to the equstious with eacellat sucess.

Use to the increased effort to polyfomlal dewlpm t ad to trio
procedures, we have mot performed as amy vibratiLon calculatiLoss as me
originally pI am . Thus, out present tatest is to wait until dysamic stall
is added to the model before we do the detailed., parametric studios.



to the ae of rotor-body coup) we have pIret d lo major limes of
reseamb. The fir of ihes IS tre effect of rotor-body coupIng an heliopter
Vibrations. The resultsof tbI work ore Partially livea to ference *.
Is tha vefoersco, pirmmiric studies show the effecto of eructural parameters
o body vibration wth a rt8d-blade. flap-il mdel of the rotor end wtick
tueLage depree of freedom. Since them, we ae developed the model for a
eljtic rotor end havoe beg te co"o . As It trm oa tshe icreosod
coplxuu y of the olestc equotLome s a forced as to devop" a ew tierative
procdure for &be kanmic-balaoce approach. Presentl, ti appears that this

pgocodwo vill be scceesful.

Ia a secod ore., mo bave comisload our loef-term Interes to dywanc
iaflow I ics of oci an the stabiLiy of cowled rtor-body sd.
Referenco I decribos ibe model that ma bon developed. nd eference
provides cearisew of esabJ ity sod reepo calcuilatoss vith opertmootl
di. The correolaetoe are eo leee thn opecicelaor, And hey essablish our
model " the prowler model for dymic Utlow.

P.3 ,mmc fteal

An lportam pu of our roosarr into rotor vtbr" iam be boe the
mdoticotm of che OMA dysmic stall model tor ese La rosorcrafs problem.
Reference I providee he theoretical ftoteioslos for ike ocAll model that
e are o" met"i . It is a C€ lesely tifted model to that qua-et-ody OW

quesi-estaic mvodymics cm be recovered trom it. utrtweMrs, it i
Sitom LIn towe of L and UT with WickI---t4a _ -. i_-. Th. It to
es to Implemnt. Hesally It sIs fomltdt tr sea se SMf Crettal
quati i shat cam be lisaarlsed for sI L ele* alue malves. Uu.wre work

Is needed so modify the VA pitcin-ms mdel.

ts an Impors"m eplo-Oft of Wke work, ma have toe tke Coscepts taberest
i the stall model cm be used to model uwstady, trasomic marodvmice.
etereacee 7 and 14 - ei skis wort. Althoeu suc of Oe wefk w doe

sftdt Air Forte SpOrmhlp. a Sod port am wee dos MWdr the W Srmt.
to pat icula, the problm .mcoitered to tha wo load to a better
maderstaftuse of i~ p u ic stall model Md a better wwdrstandit Of outr
trio method called mperiodic shoot te. e havew howd that periodic
shoot Is$ cam be teed for stabilityP compeauioss vftee a particular rotor
PO lter i aSMM a 40 a*loa With Initial Comd1tios.

This briags s to the seat area of raimart, trio methodololi. Several
teks hae boo performd withi this categov. th first task to be disuossed
is the addItls of fuselae detrtee of treedo to the trim promss. 0eferteoe
9 Ad 10 Outline out proSres is thist AM. Several ipuort4t Issights have
resulted. Iscluded memo those a" tie facts that: 1) sveral different trim
defilitlose cam be uewd, each with a "tylcIll-rsomlastal Interpretatim and
eac with a mell-doe fid mthatumt teal forulat lon. 2) fuselage wrodyemaic
delivtive seed to be defined is terms of saliaser deflnitloa* of isler angles,
amd J) conv'rpme can be rapid provided so appropriate strteg is ueed.



In a second area of work, we have succ.esully applied our trim methods
to lawse*, product tear-typ rotor response codes. Bas ically. we haon three
trio procedures, each of which ha Its ame - ereeaghean It ame real.
of applicability. One is she bawmmtc balamc . nie to the methed of periodic
shosins (Raferonces 7 and 10. and am s t cb automitic pilot (Retereac. 5).
to xeforence 13. the maautc plot wa. ouccesfull' applied to a fairly
campltcated rotor model. In 3.forsocss ) and 12. all the setbods were appied
go an Arm Ar-Loads pror. I%* reewls are comared with vind-cae1 data
wtth excselen arsest. aso cse methods hav bow appliod successfully
as Georgia Tech and at La Aerospace Corp.

A third develpment vitistrio .echodoeaes bas beem out study of
sip-losses for rotors. MTh lit and dra seer a rotor sip have a lays.
effet onhe trio of Cho rotor.) Referseie It outitees the Initial pbass
of the work, ts which she tit sear a vine tip Wae e*mied via lifsiaslias
theory. Since the, we hav oxpsded the liftias-tiae analyus to hovert*4
rotor*-, Ad we bae me. developed litt*si-*urface model. of roors to bower.
A* a practical developess our result* Got call she. flumlent correlat ion
with .osared data. beg shey dieplay a greater Compuaional efficienc chai
previowe, work.

The Improved ef tic isey has come from aniortant t led la. Is part icular,
we have learned shal. dedr certais condiuios. ittia-ime aind liftlipasl
sothods, ca fesult is @"~of$ that do U So so mreo as she mesh to retfined.
00. euch coadic too is were a4 eiasch ts panel sixes occurs as sawe mode, ad
a 9ecoad condition ts Woere a malfor. am*h is used near shep tip. As.a retsult
of these olmiervesions, we havw discovered irhe opsimmm may so am the panels

isaiiflsin-*urtace theerp. frthmerm"r, we have learned so replae tisit.
diffeirence "so V.. ick 0Fouier solutions insa came.

TV$e last area to be ditcused is that of Fiaqe anlss Uie hase ba"
two m")of project* @Oder ibis heedime. First, we have 6~e developtne 4
swisi-blade trameforo tMat Is apiicb.e to reoor with as evn QW6 r of
blades. fe "JalsIn Waltilad tua~msfmr Cam be appl104 to sec, Ca*s.. butC
one coordinmate, 6Aiwsvmia iole to CF rctlIeq .t. (osee's~ensl1
Ibl'-armoics tomim 15 she wqusioM*. The situetion is, ost criticAl for
a ;-blad" rlotor (12 (or whicf the Old msthd It comlelwv de00uerate.
Our m mthd., lbae as easessm of Jack llf fnams.* wort. overcomet this
pw41Sieo a" oti b-harovics rmiam. totw ajor deuwllommste of this
muti-biafe war%. w bee's. I) develope a mitris faislaoo such that the
cuftrsw *10ebra of sucb sraftrm is avoided. ad 21 comaed the effilcecv
Of she MMy coaa-ffceu PPf*slatlont With Pfeviou WOA- 10 this
latter case., we have foud the results to be Amch better than oepected.

to the gecee Flaquet Project. w e" ve eedod WAIitonms Lo of Vrii
ACtion to a bilineWar (f rmolaiW. fle fesUltaint finite elNNts i0 tie. Or@
then used to find the V loavut Transition Uattl,. Several inv'estipstors havre
been applw-isq NRilsonts Um, but the resuts often d4i-ei-e aMW cmptAtIonal
officienciw Is low. UIae owr1ov with mthemtical rig~or that Present
aplication* *to IwtCrt*Cti'r fowmoated: A"d. thus, the,' will sooner or later



diver for seo can. We have also prowe, bowever, that the correct
fo lat lou ('tcb we havo developed) is catooricall'. conversent; and we
bhve demetrated this mmsrtcaly as well by solving problem which (in
previote work) had diverged.

The remults of this work are two-told. First. It baa resulted i* an
satlnly ne we y of loektIP at dyassacs problem (from s variactonal point of
view). Second it ba resulted to cmputational effictencles that rival those
of tim-eachiss. U are very excited about this work.

I ccnelvtoe, the work has proceeded sccesfully an several, widely
varying topics. This alti-4isctltnsry aspect of our work baa resulted
to itacectios tac would be ochelrwie ilpossible. Ve believ" that this
iymergim amns the five ares has bee oa reas that such excti resulcs
hawe bees obtatned.

m ..... * -



FILMED

11-85

DTIC
. V0


